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Abstract 
For a novel cell concept based on the combination of silicon heterojunction (SHJ) with metal wrap through (MWT) metallization 
[1] a highly doped area underneath the metallization grid is required. In the past years, alternative processes for realizing defined 
doping profiles in n- and p-type silicon solar cells were published [2, 3]. Laser doping offers the advantage of a locally confined 
heat impact causing diffusion of phosphor atoms into the molten silicon. 
Aim of this work is the development of a low cost laser-chemical doping process resulting in a shallow phosphor profile with 
high concentrations of electrically active phosphor on the surface. Application of the phosphor source and the diffusion of 
phosphor into the silicon is done in a one-step process with a single laser type. Sheet resistances of the laser doped areas are 
below 15 Ohm/square when using a pulsed wave (picosecond) laser source in the infrared region. 
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1. Introduction 
For a novel cell concept based on combination a of silicon heterojunction (SHJ) with metal wrap through (MWT) 
contacts low temperature processing steps for the formation of a highly doped area underneath the metallization grid 
are required. Dirnstorfer et al. [1] described the SHJ-MWT cell concept in detail. All relevant steps for the 
processing of the solar cell must be performed at temperatures below 200 °C since the cells are based on amorphous 
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and crystalline silicon. Locally defined highly n-doped regions under the metallization grid are used to minimize the 
resistivity between metal contacts and the n-type semiconductor. For the phosphor doping of the silicon solar wafers 
laser-chemical processes were developed. Application of the phosphor source with reduced consumption of 
chemicals and the diffusion of phosphor into the silicon was performed simultaneously in a one-step process. The 
high-low junction formation underneath the metallization grid has to show a sufficiently high concentration of 
electrically active phosphor in the near-surface region to reach a low contact resistance. A laser based process for 
phosphor doping may also be used for selective emitter processing in case of a p-type solar cell as described by 
Eberstein et al. [4] and Geier et al. [5]. 
2. Experimental 
2.1. Parameters of the laser doping process 
For the formation of highly doped areas a 50 % aqueous solution of phosphoric acid was used as doping source. 
The substrates were n-type, alkaline textured mono-crystalline silicon wafers (180 μm thick) with a resistivity of 
2.9 to 3.2 Ω·cm (initial emitter 160 to 170 Ω/sq), without silicon nitride antireflective coating. They exhibit a basic 
phosphor concentration of 2.4·1015 to 1.2·1015 atoms/cm-3. During the laser process, the phosphoric acid solution 
was applied directly onto the wafer by pumping the solution in a circular flow. Thus, ablated silicon particles were 
washed away by the liquid flow across the wafer surface and the integration of oxygen was minimized. The 
thickness of the liquid film was held constant at approximately 3 mm for each experiment by adjusting the pump to 
the same level. For the laser doping process, a pulsed wave (picosecond) laser source in the infrared region 
(1064 nm, Fuego Laser, Time-Bandwith Products) was used. The pulsed laser mode led to an only marginal quantity 
of ablated silicon in the doping process. The infrared laser worked with a basic pulse frequency of 82 MHz. The spot 
diameter for the optical configuration used was 76 μm. Usually, pulsed lasers are applied for material ablation 
processes. Using low pulse energies and short pulse delays, solid material can be melted through heat accumulation 
effects [6, 7, 8]. Material properties like ablation threshold and thermal conductivity are crucial for the necessary 
pulse repetition rate and pulse energy. Table 1 shows the laser parameters used for the doping process. 
Table 1. Parameters used for the laser doping process. 
Parameter set Pulse repetition frequency 
[MHz] 
Number of pulses within a 
laser burst 
Fluence 
[J/cm2] 
A 5 2 0,156 
B 7 2 0,108 
C 7 3 0,108 
D 7 4 0,108 
E 7 5 0,107 
F 7 6 0,107 
G 7 7 0,107 
H 7 8 0,106 
I 8 single-pulse 0,093 
 
The laser scan speed in all series was 500 mm/s. A standard pulse repetition frequency of 8 MHz was compared 
with pulse repetition frequencies of 5 MHz and 7 MHz in the burst mode. In this mode, a sequence of 2 to 8 pulses 
was generated in a very short period, with a pulse-to-pulse separation time of 12 ns. The energy of one pulse in 
single-pulse mode is distributed over a number of pulses in a sequence. Due to this energy distribution more pulses 
with energy near the melting threshold can be used for material processing. In case of laser doping, the absorption 
was improved for the following pulses caused by the short separation time between sequent pulses; additional 
energy was inserted into the material, leading to a higher lifetime of the melt pool. Melting, evaporation, and dopant 
diffusion were the main mechanisms resulting from interaction between laser, doping source and silicon material 
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[9]. For an optimal laser doping process it was necessary to have a constant and laminar flow of the liquid doping 
source covering the whole silicon surface; turbulences in the flow may lead to a diffraction of the laser beam. 
Additionally, the efficiency of the laser doping process is strongly depended on the temperature reached in the 
silicon during the laser impact. 
2.2. Parameters of the EDX analysis 
Energy-dispersive X-ray (EDX) analysis was performed to evaluate this lower cost method against the results of 
the SIMS. The scanning electron microscope JEOL FE-SEM 7800 with an EDX detector Oxford Instruments X-
Max 80 was used. A cross section preparation was carried out on all analyzed samples by means of ion beam 
polishing. The used acceleration voltage was 5 kV. 
2.3. Parameters of the ECV measurements 
The Electrochemical Capacitance-Voltage (ECV) profiling technique is employed to measure the active carrier 
concentration profiles in semiconductor layers [10]. In this study wafer profiler CVP21 for electrochemical wet 
etching was used. For reasons of comparison the sheet resistance has also been measured with a four-point-probe. 
The comparison reveals a good agreement between the two measurements with an offset of 4.9 /sq. 
3. Results 
3.1. Sheet resistance measurements 
Sheet resistance measurements were performed on laser doped test structures (200 mm x 150 mm) by the four-
point-probe technique. Figure 1 depicts the sheet resistance (Rs) in dependence on the pulse repetition frequency for 
different burst modes (number of pulses within a laser burst). The sheet resistance of the laser doped area is below 
15 Ω/sq for the single-pulse mode (8 MHz) and for two and three pulses in one laser burst (5 and 7 MHz). The sheet 
resistance reaches a maximum for 6 pulses in the laser burst at a repetition frequency of 7 MHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Sheet resistance in dependence on the laser parameters 
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3.2. Morphology 
Figure 2 shows selected scanning electron microscope images of the silicon surface after the laser doping process 
(magnification: 500x). After laser doping, the initial alkaline wafer texture (random pyramids) is no longer visible; 
the morphology of all samples is smooth and slightly wavy, no holes or defects are visible. This indicates that the 
laser energy for the chosen parameter sets leads to a uniform temperature distribution in the silicon resulting in a 
complete and homogeneous melting. 
 
A 
 
B D H I 
Fig. 2. Morphology of the laser doped area: (A) 5 MHz/burst 2; (B) 7 MHz/burst 2; (D) 7 MHz/burst 4; (H) 7 MHz/burst 8; (I) 8 MHz, single-
pulse. 
 
3.3. ECV measurements 
Electrochemical capacitance–voltage (ECV) measurements were performed on laser doped areas 
(10 mm x 30 mm) to quantify the concentration profiles of the electrically active phosphor, i.e. phosphor atoms on a 
lattice site of the silicon crystal. Figure 3 (A) shows the phosphor concentration profiles for the different laser 
parameters. Furthermore, figure 3 (B) shows the surface concentration of active phosphor in dependence on the laser 
parameters. 
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Fig. 3. (A) ECV measurements: electrically active phosphor concentration in dependence on the etching depth, (B) Electrically active phosphor 
concentration on the surface in dependence on the laser parameters 
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(1.1·1020 atoms/cm3) and 8 MHz (1.1·1021 atoms/cm3). The decrease of active phosphor in the silicon is steeper in 
case of a high phosphor concentration on the surface. With decreased phosphor concentration on the surface 
(burst 4-8), the phosphor is incorporated deeper into the silicon as indicated by the slightly sloping curves in 
Fig. 3 (A). This behavior can be explained by the used laser parameters. Due to the short pulse-to-pulse time (12 ns) 
between the pulses in the burst mode, the subsequent pulses are absorbed stronger and insert additional energy. For 
an increasing number of pulses in a sequence this leads to a higher lifetime of the melt pool, resulting in a deeper 
diffusion of phosphor. 
3.4. SIMS measurements 
Secondary ion mass spectrometry (SIMS) measurements (CAMECA IMS 4f-E6, RTG Berlin) were carried out 
on the four laser doped samples (parameter sets A, B, C, and I) with the lowest sheet resistance. The SIMS method 
provides depth profiles of elements (P) in a matrix (Si). In contrast to the ECV technique, SIMS detects the total 
fraction of phosphor in the silicon. Figure 4 (A) summarizes the results of both ECV and SIMS for the four selected 
samples. 
The total fraction of phosphor is incorporated deeply into the silicon due to the melting and dopant diffusion during 
the laser-matter interaction. The depth of phosphor incorporation is dependent on the used laser parameter. For the 
burst laser mode the phosphor diffuses deeper (> 3.5 μm) into the silicon than for the single-pulse mode (8 MHz: up 
to 3 μm). The similar behavior was recorded for the fraction of active phosphor (ECV measurements). Geier et al. 
[5] reported a deep incorporation (up to 8 μm) of the total fraction of phosphor upon cw-laser processing at 532 nm 
wavelength. They found that especially at slow laser scan velocities the melt depths and consequently the phosphor 
incorporation into the silicon significantly increases. 
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Fig. 4. (A) ECV and SIMS measurements: phosphor concentration in dependence on the depth, (B) ECV and SIMS measurements: phosphor 
concentration on the surface in dependence on the laser parameters 
 
The results of the measurements (Figure 4 A) show a big difference in the depth profile of active phosphor and the 
total phosphor concentration. Active phosphor (phosphor on lattice sites of the silicon crystal) can be found in a 
depth of up to 1500 nm, whereas the majority of not-active phosphor is incorporated more deeply into the silicon. 
The shortened pulse-to-pulse time in the case of the burst mode, compared to the single-pulse mode, leads to an 
increased incorporation depth of phosphor into the silicon. This may be explained by the time between melting and 
re-solidification of the silicon crystal. In fact, the laser burst mode insert additional energy which leads to a higher 
lifetime of the melt pool, resulting in a deeper diffusion of phosphor into the silicon, however the phosphor has not 
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enough time to arrange itself on lattice sites of the silicon before re-solidification in the depth. Closer to the surface, 
the difference between active phosphor and total phosphor concentration is marginal when using the parameter set C 
(7 MHz/burst 3) and becomes larger if the single-pulse mode was used (8 MHz). When using the laser burst mode, 
the phosphor has more time to occupy lattice sites of the crystal since the re-solidification of the molten silicon 
closer to the surface is not as fast as in the depth of the silicon crystal. 
The integral of the phosphor concentration curve determined by SIMS (after subtraction of the basic phosphor 
concentration of the wafer) should represent the total number of incorporated phosphor atoms. In this study this can 
only be carried out up to a depth of 3600 nm and it has to be taken in account that the SIMS results for the laser 
parameters in the burst mode (parameter set A, B and C) do not reach the basic phosphor concentration in this depth. 
Laser parameter set I (8 MHz) leads to a total phosphor incorporation of 1.3·1023 atoms. Laser parameters in the 
burst mode lead to a significantly higher phosphor incorporation, namely 2.5·1023 atoms for parameter set A 
(+ 102 %), 2.4·1023 atoms for parameter set B (+ 91 %) and 1.5·1023 atoms for parameter set C (+ 22 %). This 
supports our thesis of a higher lifetime of the melted silicon and thus more time for the phosphor to diffuse into the 
silicon when using the laser burst mode. 
Figure 4 (B) shows the phosphor concentration determined by ECV and SIMS measurements on the wafer surface in 
dependence on the laser parameters. The fractions of active phosphor and total phosphor on the surface of the laser 
doped areas are in the same range (between 5.6·1020 and 1.3·1021 atoms/cm3) in case of the laser parameter set A, B 
and I. The fraction of active phosphor and the total phosphor concentration on the surface are very similar for laser 
parameter I (8 MHz), indicating that the phosphor on the surface is mainly arranged on lattice sites in the silicon 
crystal. The electrically active phosphor represents a basis for a low contact resistance between the silicon and the 
metal contact paste. 
3.5. EDX analysis 
Energy-dispersive X-ray (EDX) analysis was performed on three laser doped samples (parameter set A, C and I) 
to evaluate this lower cost method against the results of the SIMS. Figure 5 shows the cross section of a sample 
treated with the parameter set I (8 MHz). The cross section reveals that the areas which were molten due to the laser 
impact re-crystallize and exhibit an epitaxial growth during solidification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Cross section of the laser doped area; parameter set I (8 MHz) 
 
For the evaluation of the results of the EDX analysis, some characteristics of the method have to be taken in 
account. An electron beam is used to excite the atoms in the sample. The electron beam penetrates and spreads in the 
sample and generates X-rays by the excited atoms. The spreading of the electron beam excites a relatively big 
volume and gives an average value of the phosphor concentration in the first 300 – 400 nm from the surface. 
Therefore, the method gives a “volume information” of the sample. This has to be considered for the quantitative 
analysis of the results. Figure 6 and table 2 (quantitative results) show the results of EDX measurements of laser 
sample surface 
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doped silicon (parameter set A, C and I). They indicate a good agreement with the results obtained by SIMS. The 
phosphor concentration in the sample treated with laser parameter I (8 MHz) decreases steeper than those of the 
samples treated with laser parameter A and B (5 MHz/burst 2 and 7 MHz/burst 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Results of EDX measurements: phosphor concentration in dependence on the depth 
 
 
Table 2. Results of EDX measurements (quantitative). 
Parameter set Pulse repetition frequency 
[MHz] 
Number of pulses 
within a laser burst 
Pconcentration 
[wt%] 
Pconcentration 
[atoms/cm3] 
A 5 2 1.3 6.2·1020 
C 7 3 0.8 4·1020 
I 8 single-pulse 1.1 5.5·1020 
 
The detected phosphor concentrations are in the range of 4·1020 to 6.2·1020 atoms/cm3 (0.8 – 1.1 wt%). This 
coincides with the SIMS measurements if the above mentioned limitations of the EDX method are taken into 
account. The detection limit of the EDX method for phosphor is 0.2 wt% (1·1020 atoms/cm3). On the other hand, the 
SIMS method is characterized by a high depth resolution (5 nm) and a high lateral resolution (1 μm), which results 
in a precise phosphor concentration on a spot. The results reveal that both methods (EDX and SIMS) are eligible for 
detection of incorporated phosphor in silicon. 
 
Following conclusions can be drawn from the EDX analysis: 
 
 An accumulation of phosphor on a silicon surface can be detected by this method. 
 A gradient in the phosphor concentration in the first μm of the laser doped silicon surface was confirmed. 
 The surface of the laser doped samples was molten during the laser doping process, resulting in a diffusion of 
phosphor into the silicon. 
 For further studies, EDX analysis may be used for profile evaluation on a very thin cross section of the samples. 
4. Conclusions 
In this study laser-chemical doping processes were applied to form highly n-doped surfaces on n-type silicon. 
Different laser parameters of an IR laser (pulsed, ps) were used. A standard pulse repetition frequency of 8 MHz 
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was compared with pulse repetition frequencies of 5 MHz and 7 MHz in burst mode. Ablated silicon particles were 
washed away by the continuous flow of the liquid phosphor source. 
The laser burst mode leads to a higher phosphor concentration and a deeper penetration of phosphor into the silicon 
due to the higher lifetime of the laser induced melt pool. 
The penetration depth of phosphor is deeper than 3.5 μm when using the burst mode. In the single-pulse mode with 
a repetition frequency of 8 MHz the basic phosphor concentration of the n-type silicon wafer of 
2.4·1015 to 1.2·1015 atoms/cm3 was reached in a depth of 3 μm. 
On the other hand, electrically active phosphor can only be detected up to a depth of 400 to 1600 nm, indicating that 
not all incorporated phosphor atoms were integrated on lattice sites of the silicon. The highest integration of active 
phosphor in the depth was found when the laser burst mode was used. 
The highest electrically active phosphor concentration of 1.08·1021 atoms/cm3 close to the surface was measured for 
parameter set I (8 MHz). This is a promising result for future experiments including a polymer paste metallization 
for electrical characterization of cells. 
Furthermore, it was possible to show that both methods, SIMS and EDX, are eligible to detect incorporated 
phosphor in laser doped silicon. 
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